Abstract. A dataset of 54 daily Italian downward surface solar radiation (SSR) records has been set up collecting data for the 1959-2013 period. Special emphasis is given to the quality control and the homogenization of the records in order to ensure the reliability of the resulting trends. This step has been shown as necessary due to the large differences obtained between the raw and homogenized dataset, especially during the first decades of the study period. In addition, SSR series under clear-sky conditions were obtained considering only the cloudless days from corresponding ground-based cloudiness observations. Subsequently, records were interpolated onto a regular grid and clustered into two regions, northern and southern Italy, which were averaged in order to get all-sky and clear-sky regional SSR records. Their temporal evolution is presented, and possible reasons for differences between all-sky and clear-sky conditions and between the two regions are discussed in order to determine to what extent SSR variability depends on aerosols or clouds. Specifically, the all-sky SSR records show a decrease until the mid1980s (dimming period), and a following increase until the end of the series (brightening period) even though strength and persistence of tendencies are not the same in all seasons. Clear-sky records present stronger tendencies than all-sky records during the dimming period in all seasons and during the brightening period in winter and autumn. This suggests that, under all-sky conditions, the variations caused by the increase/decrease in the aerosol content have been partially masked by cloud cover variations, especially during the dimming period. Under clear sky the observed dimming is stronger in the south than in the north. This peculiarity could be a consequence of a significant contribution of mineral dust variations to the SSR variability.
Introduction
The fraction of solar radiation that reaches the Earth's surface is the source of energy which drives the majority of the processes in the atmosphere and in the oceans and plays a crucial role in a large number of sectors (e.g., agriculture, tourism, solar energy production) (Hartmann et al., 1986; Wild, 2009 Wild, , 2012 . For these reasons, it is very important to study the spatial distribution and the temporal behavior of surface solar radiation (SSR). Continuous observations by thermoelectric pyranometers at the Earth's surface date back to the 1920s, for example at the Stockholm site since 1923 (Stanhill, 1983; Wild et al., 2009 ). Surface radiation measurements started to become available on a widespread basis only in the late 1950s, with the establishment of numerous radiation sites during the International Geophysical Year (IGY) 1957-1958. Studies of the last decades have demonstrated that SSR has not been constant over time (Dutton et al., 1991; Liepert V. Manara et al.: Surface solar radiation dimming/brightening in Italy et al., 1994; Ohmura and Lang, 1989; Russak, 1990; Stanhill and Moreshet, 1992) , as shown by decadal fluctuations which exceed the accuracy limit of observational irradiance measurements (2 % on an annual basis) (Gilgen et al., 1998) . They report a decrease in SSR, "global dimming", of about 3-9 W m −2 from the 1950s to the 1980s and a subsequent increase, "brightening", of about 1-4 W m −2 from the beginning of the 1980s (Wild, 2012) . These two periods are highlighted not only by studies focusing on specific regions (Liang and Xia, 2005; Long et al., 2009; Sanchez-Lorenzo and Wild, 2012; Sanchez-Lorenzo et al., 2013 Wang and Yang, 2014) but also by studies focusing on worldwide datasets (Alpert et al., 2005; Gilgen et al., 1998; Liepert, 2002; Stanhill and Cohen, 2001; Wang et al., 2012; Wild et al., 2005 Wild et al., , 2009 .
The causes of these decadal variations are not completely clear: it has been suggested that changes in the anthropogenic aerosols and cloud cover can be major causes (e.g., Liepert et al., 1994; Stanhill and Cohen, 2001; Wild, 2009 Wild, , 2016 , while changes in radiatively active gas concentrations have, at least at the global scale, a minor effect (Kvalevåg and Myhre, 2007; Romanou et al., 2007) . Aerosols and clouds can interact in various ways and are therefore not completely independent (Ramanathan et al., 2001) . Aerosols act as a modulator of SSR by absorption or scattering of solar radiation (direct effect) (Radke et al., 1989; Twomey et al., 1984) and by changing the number of cloud condensation nuclei particles (indirect aerosol effect) that also change albedo and cloud lifetime (Albrecht, 1989; Lohmann and Feichter, 2005) . The increase in anthropogenic aerosol emissions in the 20th century is thought to have been the major cause of the observed decadal SSR reduction until the 1980s (e.g., Liepert and Tegen, 2002; Norris and Wild, 2007; Stanhill and Cohen, 2001) , while measures to reduce air pollution in the late 20th century are possibly responsible for the renewed increase in SSR (Chiacchio and Wild, 2010; Dutton et al., 2004 Dutton et al., , 2006 Hansen et al., 1997; Nabat et al., 2014) . Nevertheless, the relative contribution of clouds and aerosols is not yet clear, especially after comparing studies regarding different areas.
For these reasons, it is interesting to understand to what extent the SSR variability depends on aerosol variations or on changes in cloud characteristics. Different studies have tried to estimate this distinction by using global climate models, satellite-derived products and ground-based observations, finding a good agreement between clear-sky SSR variations and changes in aerosol emissions and concentrations, indicating aerosols as a major contributor to SSR variability at decadal scale (Wild, 2016) . In addition, some studies analyzing all-sky SSR have highlighted the important contribution of clouds especially at an interannual scale (Folini and Wild, 2011; Mateos et al., 2014; Norris and Wild, 2007; Parding et al., 2014; Xia, 2010a, b) . Other studies confirmed that changes in aerosols play a major role in the decadal variations in SSR Zhang et al., 2015) , although there is a tendency to underestimate the dimming and brightening obtained with models with respect to trends obtained with ground-based observations. This has been attributed to possible deficiencies in aerosol emission inventories or an underestimation of aerosol direct radiative forcing (Allen et al., 2013; Cherian et al., 2014; Folini and Wild, 2011; Ruckstuhl and Norris, 2009) . As concerns the aerosol radiative forcing, some studies have tried to analyze the problem combining SSR series with optical depth and aerosol concentration observations, finding a comparable or higher contribution of the direct aerosol effect with respect to the indirect aerosol effect (Nabat et al., 2014 (Nabat et al., , 2015 Ruckstuhl et al., 2008; Turnock et al., 2015) . However, few studies have used only ground-based observations to obtain clear-sky and all-sky SSR series in order to investigate the aerosol-cloud effect (Liang and Xia, 2005; Liepert, 2002; Long et al., 2009; Ruckstuhl et al., 2008; Wild et al., 2005) ; this is due to the difficulty in recovering hightemporal-resolution SSR series together with additional information on cloudiness or direct/diffuse radiation to discriminate clear-sky conditions (Long and Ackerman, 2000; Wild, 2009) .
In Italy, there have been no studies on the temporal evolution of SSR and its relation to aerosol concentrations and cloud cover variability. The best available information concerns sunshine duration (SD) for the 1936-2013 period (Manara et al., 2015) . It shows an increasing tendency starting in the 1980s preceded by a less evident decreasing tendency. Comparing these trends with corresponding cloud amount series, Manara et al. (2015) found that the expected negative correlation of these two variables is often not evident. This suggested that during the global dimming/brightening periods there is an important fraction of SD evolution that cannot be explained by cloud cover changes which must therefore depend on other factors such as changes in aerosol optical thickness. The temporal variations in aerosol optical thickness of the last decades seem to be mainly driven by anthropogenic emissions (Streets et al., 2006 (Streets et al., , 2009 , even though, especially for southern Italy, mineral particles originating from Sahara and Sahel areas may also have a significant role, as recently suggested for Spain by Sanchez-Romero et al. (2016) . This natural atmospheric aerosol, with emissions that are highly variable from year to year, is a significant component of the Mediterranean area Varga et al., 2014) causing reflection and absorption of the incoming solar radiation and therefore affecting the energy balance together with anthropogenic aerosols (Zhu et al., 2007) .
In this context, this work aims at collecting, quality checking, homogenizing (Sect. 2) and analyzing an extensive database of Italian SSR records in order to obtain average regional series under both all-sky (Sect. 3.1) and clear-sky conditions (Sect. 3.2). By doing this, we want to describe how SSR has changed in Italy during about the last 60 years and to explain how these variations depend on aerosols or cloud variability (Sects. 3.3, 4 (Stravisi and Cirilli, 2014) and five series from Switzerland, close to the Italian border, from the Swiss Federal Office of Meteorology and Climatology (MeteoSwiss -1981 (MeteoSwiss - -2013 . The data that come from the AM stations and from the meteorological observatory of Trieste were recorded with a Robitzsch bimetallic actinograph until the 1980s. This instrument was then replaced with the Kipp & Zonen CM11 pyranometer in the first case and with different types of Kipp & Zonen CM pyranometers in the second one (for more details about AM instruments and instrument changes, see http://wrdc.mgo.rssi.ru/; for more details about Trieste instruments, see Stravisi, 2004) . The CM11 pyranometer was also used in the stations included in the BDAN database, with the only exception of two stations that used a Middleton EP07 pyranometer. Finally, the data that come from MeteoSwiss were measured with a Kipp & Zonen CM21 pyranometer.
The main difference between the Robitzsch bimetallic actinograph and the Kipp & Zonen pyranometer is that the measure is mechanical in the first case and thermoelectrical in the second. Specifically, the Robitzsch pyranometer consists of a black metallic strip located between two white metallic strips. Due to differential absorption, a temperature difference is created between the strips which serves as a measure of radiation intensity. This temperature difference drives the position of a pen which allows recording of radiation intensity on a paper strip chart. The sensitivity range covers the entire spectrum of solar radiation; only radiation above 2 µm is not included -this, however, contributes only very little to the solar irradiance.
The Kipp & Zonen and Middleton pyranometers are based on a black-coated surface which is warmed up by solar radiation. The thermal energy is converted into measurable voltage, which is used to measure the solar irradiance. These pyranometers are provided with an automatic acquisition system which allows for recording of solar irradiance on a digital support. The spectral range covers the interval of 0.3-2.8 µm. The final dataset is composed of 54 daily series with data for the 1959-2013 period. All series have at least 15 years of data ( Fig. 1 and Table 1 ). The spatial distribution of the stations and the length of the series in relation to their location is uniform, the only exception are the series in the Alps and Apennines. All series are located in the plains and coastal areas with elevation lower than 600 m. Data availability vs. time is rather inhomogeneous with a minimum before the beginning of the period covered by the BDAN series (Fig. 2 ).
Data homogenization, gap filling and anomaly records
Before analyzing the time evolution of SSR, we subjected the records to a quality check and to a homogenization procedure. A quality check was performed at a daily timescale in order to find out and correct gross errors (Aguilar et al., 2003) . Specifically, we searched for negative values and values exceeding the radiation at the top of the atmosphere. In addition, the reliability of station coordinates was checked by means of the comparison with station metadata and checking the elevation in relation to position. After the quality check, monthly series were calculated when the proportion of missing data did not exceed 20 %. All monthly records were subjected to homogenization in order to identify and eliminate non-climatic signals (Aguilar et al., 2003; Brunetti et al., 2006b) . Our aim was to identify time-dependent adjusting factors in order to transform the original records into homogeneous ones. The homogenization of the series was performed using a procedure based on a relative homogeneity test (Brunetti et al., 2006b ) based on statistical methods supported by metadata information. Specifically, each test series is compared against 10 other reference series that correlate well with the test series by means of the Craddock test (Craddock, 1979) . This methodology is suitable to calculate correcting factors, but the identification of an inhomogeneity is not always easy and unambiguous (Brunetti et al., 2006b) . For this reason, we homogenize a period only when more reference series give coherent adjustment estimates. In this way, we can be more confident that the inhomogeneity is "real" and ascribable to the test series and not to the reference series. The reference series that result homogeneous in a sufficiently long sub-period centered on the break year are then selected to estimate the adjustments. We use several series to estimate the adjustments to increase their stability and to avoid unidentified outliers in the reference series from producing wrong corrections. By comparing the obtained breaks of each series with the corresponding metadata, we found in most of the cases a reasonable agreement between the breaks identified by the statistical method with information reported by metadata.
The common variance between two stations depends on their distance, and for the Italian territory, as previously found for SD (Manara et al., 2015) , it falls to 50 % at a distance of about 150 km. Homogenization was performed at a monthly timescale. However, a daily version of the adjustments was also generated in order to homogenize the daily series.
All analyzed series showed at least one inhomogeneous period highlighting the importance of homogenization, especially before 1980. The most relevant inhomogeneities fall in the first 20 years of the investigated period, where many instrument changes and recalibrations occurred, whereas the inhomogeneities are less relevant from the 1980s when the Robitzsch pyranograph was replaced in all AM stations by the CM11 pyranometer (Table 1) , an instrument with higher quality, as recommended by the WMO (Italian Air Force, 2012) . Figure 3a shows the Italian average annual SSR anomaly series (relative anomalies with respect to the period 1976-2005) before and after homogenization with corresponding Gaussian low-pass filters (11-year window; 3-year standard deviation) that allow a better visualization of the decadal variability and long-term trend, while Fig. 3b shows the curve obtained by averaging the mean annual adjustments over all single records, together with their absolute range. The details on how we obtained regional SSR anomaly series will be explained in the following sections.
The average annual records before and after the homogenization show a different decadal variability during the 1959-1970 and 1971-1980 periods, where increasing (average adjustment: 1.098) and decreasing (average adjustment: 0.964) correcting factors, respectively, have been applied to the original series. However, during the 1981-2013 period the two series show a similar behavior, where in fact only small correcting factors have been applied to the original series (average adjustment: 1.008). Overall, the use of the raw series hides the trends obtained during the study period, especially before the 1980s when the dimming period observed in the homogenized series is not evident during the 1960s and early 1970s.
We filled the gaps in each monthly record using a procedure similar to that described in Manara et al. (2015) . In particular, the median of a set of five estimated values, corresponding to the five highest correlated reference records, was selected in order to avoid outliers resulting from peculiar climatic conditions of the reference station. When fewer than five reference records fulfilling the requested conditions (distance within 500 km from the record under analysis and at least six monthly values in common with it in the month of the gap) were available, the median was calculated with the available reference series. After the gap-filling procedure, all series had at least 90 % of available data during the 1959-2013 period and 99 % during the 1976-2005 period (Fig. 2) , used as the reference period to calculate the anomaly series. Therefore, all the series were transformed into monthly/seasonal/annual relative anomaly series with respect to the monthly/seasonal/annual 1976-2005 normals. Seasons are calculated according to the following scheme -December-January-February (winter), March-April-May (spring), June-July-August (summer), and September-October-November (autumn) -and the year is calculated for the December-November period. The winter season is dated to the year in which January and February fall, and, for the first year, the winter and the annual means are calculated using also the monthly mean of December 1958. 
Gridding and regional average record
Starting from the monthly/seasonal/annual anomaly series, we generated a gridded version of the anomaly series with a resolution of 1 • × 1 • in order to balance the contribution of areas with a higher number of stations with the contribution of areas with a lower number of stations. This technique, explained in more detail by Brunetti et al. (2006b) and Manara et al. (2015) , is based on an inverse distance weighting approach with the addition of an angular term to take into account the anisotropy in the spatial distribution of stations. The resulted grid spans from 7 to 18 • E and from 37 to 47 • N, with 58 grid points over the Italian territory (Fig. 1) .
Then, the monthly gridded anomaly records were subjected to a principal component analysis (PCA) in order to identify areas with similar SSR temporal variability. With this technique, it is possible to identify a small number of variables, which are linear functions of the original data and which maximize their explained variance (Preisendorfer, 1988; Wilks, 1995) . The analysis focused on the 1976-2005 period, the same reference period used to calculate the anomaly series. The analysis shows that the first five eigenvectors have an eigenvalue greater than 1 and they explain more than 91 % of the total variance of the dataset. Then, we selected to rotate the first two empirical orthogonal functions (EOFs), which are those that account for 59 and 23 %, respectively, of the original variance of the dataset, in order to obtain a more physically meaningful pattern (Von Storch, 1995) . We decided to select these two EOFs because they account for 82 % of the original variance while the other three only account for 9 %. This procedure allowed to divide the Italian territory into two regions: northern Italy (29 grid points) and southern Italy (29 grid points) (Fig. 1) . Finally, we calculated the monthly, seasonal and annual mean anomaly series for the two regions by averaging all corresponding grid point anomaly records. From here on, we refer to these series as the SSR anomaly series obtained under all-sky conditions to distinguish them from the series presented in the next section (Sect. 2.4) obtained selecting only the clear-sky days.
Clear-sky series
Starting from the 54 homogenized daily SSR series presented in Sects. 2.1 and 2.2, we aimed at determining clear SSR days for the 1959-2013 period. For this purpose, we used an updated version (both for number of series and for series length) of the total cloud cover (TCC) database presented by Maugeri et al. (2001) as a reference to extract the clear-sky days. In particular, we considered only the days with a daily TCC mean of 0 okta. For the SSR series without a corresponding TCC series, we considered the data from nearby stations. The main limitation of the previous procedure is that the condition adopted to select clear-sky days (0 okta of TCC) often allows for a very low number of days to be selected. We therefore tried to apply a less restrictive condition and we also extracted the clear-sky days using 1 okta as the threshold. The average of clear-sky days per station and month is 9 % for the 0 okta threshold and 18 % for the 1 okta threshold. These fractions are however higher in summer when SSR is more important, reaching the maximum value in July with 17 % of 0 okta days and 34 % of days with less than 1 okta of TCC.
Then, the monthly mean was calculated when at least two clear-sky daily values were available in the considered month. After gap filling, the monthly/seasonal/annual relative anomaly series were obtained with respect to the 1976-2005 period using the same technique explained in Sect. 2.2. To calculate the anomaly series we considered only the series with at least 50 % (for 0 okta) and 80 % (for 1 okta) of available data in the 1976-2005 period after the gap filling. This reduced the series to 44 in the first case (Table 1 ). In the final step, we interpolated the anomaly series as described in Sect. 2.3 and obtained the regional anomaly series, for the two regions and the two thresholds, by averaging all corresponding grid point anomaly series.
Results

Trend analysis of the all-sky SSR records
The average northern and southern Italy annual and seasonal SSR records obtained under all-sky conditions are shown in Fig. 4 , together with the same low-pass filter used in Fig. 3 . In order to better understand the depth and the length of the tendencies showed in Fig. 4 , we subjected the records to a running trend analysis (Brunetti et al., 2006a) estimating the trend slope of each sub-interval of at least 21 years by applying a linear regression. The results are shown in Fig. 5 . Specifically, we represent the length of the period considered for the analysis (y axes) in relation to the starting year of the window that the trend refers to (x axes). Slopes are shown by means of the colors of the corresponding pixels, with large squares for trends with a significance level of p ≤ 0.1 and small squares for trends with a significance level of p > 0.1 (considered here statistically non-significant), with significance levels estimated by means of the Mann-Kendall nonparametric test (Sneyers, 1992) .
At annual scale both regions show a decreasing tendency until the mid-1980s and a following increase until the end of the series, with a period of stabilization in the late 1990s. The trends of the two periods are comparable, especially in the southern region. In fact, the trend for the whole period under analysis (e.g., 1959-2013 period) is not statistically significant, as highlighted by the running trend analysis (Fig. 5) . However, the intensity of the dimming is slightly higher for the south than the north, especially for some windows starting in the mid-1960s (e.g., about −3 % per decade for the north and about −4 % per decade for the south for the 1965-1985 period), while the brightening is more intense in the north especially for the windows starting in the mid-1980s (e.g., about +4 % per decade for the north and about +2 % per decade for the south for the 1980-2010 period).
For the winter season, the records show a well-defined behavior with a dimming and a following brightening only in the northern region, where the record shows statistically significant negative and positive tendencies for some periods starting in the 1960s and 1980s, respectively. However, the behavior is not well defined in the southern region, with a minimum in the mid-1980s and two secondary maxima during the 1970s and 1990s (Fig. 4) . As a consequence, the series shows only some sub-periods with a statistically significant trend. These sub-periods are less than 35 years long, and they start in the 1960s with a negative sign and in late 1970s/early 1980s with a positive sign. There is also a window extending 21 years, starting in 1990, with a significant decreasing tendency (−4 % per decade) (Fig. 5) .
The spring season has a similar pattern to the annual one, with a clear negative-positive sequence and a period of stabilization during the second half of the 1990s for both northern and southern Italy. The records show a comparable dimming for the two regions for periods longer than 30 years with vari- ations of about −3 % per decade (e.g., 1962-1992 period), while it is slightly stronger in the north if sub-periods starting in the mid-1960s with fewer than 30 years are considered in which variations range between −7 and −5 % per decade. As concerns the brightening, it is stronger in the northern region, for both long and short sub-periods, with values of about +6 % per decade for some windows starting in the 1980s.
For the summer season the sequence of the dimming and brightening is evident and very similar to the annual and spring behavior only in the south. In the north, during the dimming period, there are only very few sub-periods with a significant decreasing trend, while in the south the most part of the windows starting in the 1960s have significant trends with variations of about −3 % per decade (e.g., 1960-1990 period) , indicating a reduction of SSR. However, the brightening period is quite comparable for the two regions and reaches values of about +4 % per decade (e.g., 1983-2013 period) . The trends of the longest periods are significant and positive with values of about +1 % per decade (e.g., 1959-2013 period) only in the north as a consequence of its weaker dimming in the early period.
The autumn records (Fig. 4) start with a period without any trend for both regions and then show a decrease between the beginning of the 1970s and the beginning of the 1990s and a following increase, which is stronger in the northern than in the southern region. This picture is evident also in the running trends (Fig. 5) , especially for the brightening period, where some sub-periods have a positive trend after the beginning of the 1980s in the north and none has a positive trend in the south, with the only exception of one 21-year sub-period starting in the 1990s. However, most of the subperiods starting in the 1960s and 1970s have significant and negative trends with values of about −3 % per decade. The trend over the whole period under analysis (1959-2013 period) is significant and negative for both regions with values of about −2 % per decade. North all sky 1959-2013 + + + 3.1 ± 0.8 −1.5 ± 0.7 1959-1985 −4.4 ± 0.8 −3.0 ± 1.3 −7.2 ± 2.2 −3.9 ± 1.6 −3.5 ± 1.9 1986-2013 7.7 ± 1.1 3.2 ± 1.3 10.4 ± 2.9 12.3 ± 1.9 4.8 ± 1.9 1970-2013 2.9 ± 0.7 1.4 ± 0.7 4.8 ± 1.5 6.1 ± 1.0 -1970-1985 −4.0 ± 1.9 --+ −7.8 ± 4.6 1981-2000 -1981-2013 6.1 ± 0.9 2.2 ± 1.0 9.4 ± 2.2 9.8 ± 1.5 + 5.0 ± 1.9 6.5 ± 2.6 + 9.3 ± 3.5 −2.4 ± 1.7 1981-2013
5.4 ± 0.9 + 6.9 ± 1.7 11.6 ± 1.8 + -1959-1985 −6 .3 ± 0.8 −3.2 ± 0.8 −5.8 ± 2.7 −8.2 ± 1.6 −6.0 ± 1.3 1986-2013
North clear sky estimated 1959-2013
7.6 ± 0.9 3.6 ± 0.7 9.7 ± 1.6 10.0 ± 1.5 6.5 ± 1.3 1970-2013 2.7 ± 0.7 0.9 ± 0.4 2.8 ± 1.2 5.1 ± 0.9 1.8 ± 0.8 1970-1985 −5.7 ± 1.5 --−6.9 ± 2.4 −7.5 ± 2.7 1981-2000
5.3 ± 1.6 3.2 ± 1.4
6.4 ± 0.7 2.7 ± 0.6 8.0 ± 1. 6.4 ± 1.5 7.2 ± 2.3 7.7 ± 2.4 10.7 ± 2.5 + 1981-2013
7.1 ± 0.8 3.7 ± 1.0 9.2 ± 1.2 10.7 ± 1.5 4.5 ± 0.8 * Values are expressed in W m −2 per decade. Values are shown in roman for a significance level of 0.05 < p ≤ 0.1 and in bold for a significance level of p ≤ 0.05. For non-significant trends, only the sign of the slope is given.
In order to give a more accurate information on the variations highlighted by Figs. 4 and 5, we estimated the trends in W m −2 per decade for some key periods (Table 2) , including 1959-2013 (the entire period covered by the records), 1959-1985 and 1986-2013 (the dimming and brightening periods according to the northern and southern Italy annual records), and other periods to allow a direct comparison with some relevant dimming/brightening papers (SanchezLorenzo et al., 2015; Wild, 2012) . Specifically, we calculated the absolute series for each grid point by multiplying each seasonal/annual anomaly series obtained under all-sky conditions by the corresponding seasonal/annual normals, and then we calculated the seasonal and annual regional records by averaging all corresponding grid point absolute series. The seasonal/annual normals were calculated by averaging the corresponding monthly normals obtained using the same data and the procedure explained by Spinoni et al. (2012) . In particular, the monthly normals were obtained starting from a database of SD normals for the Italian territory referring to flat and non-shaded sites. These normals were first transformed into SSR normals by means of the Ångström law and then interpolated onto the USGS GTOPO 30 digital elevation model grid (USGS, 1996) by means of an inverse distance Gaussian weighting spatialization model.
As previously shown, the trend over the whole period under analysis is only significant in summer in the north (+3.1 W m −2 per decade) and in autumn for both regions (−1.5 and −2.2 W m −2 for the north and the south, respectively). In the first case, considering the weak (and non-significant) dimming, the trend over the whole period is mostly driven by the increasing tendency of the second period, while in the second case, considering the weak brightening, the trend over the whole period is mostly driven by the decreasing tendency of the first period. Considering the 1959-1985 period, as the reference for the dimming period, the trend is significant in all the seasons for both the north and the south with values ranging between −7.2 W m −2 per decade in spring and −3 W m −2 per decade in winter for the north and between −8.5 W m −2 per decade in spring and −4.2 W m −2 per decade in autumn for the south. As concerns the brightening period, considering the 1986-2013 period, the trend is significant in all the seasons in the northern region with values ranging between +3.2 W m −2 per decade in winter and +12.3 W m −2 per decade in summer, while in the southern region it is only significant at an annual scale and during spring (+7.6 W m −2 per decade) and summer (+13.5 W m −2 per decade).
Trend analysis of the clear-sky SSR records
The average northern and southern Italy seasonal and annual SSR records obtained under clear-sky conditions using 0 and 1 okta as thresholds to select the clear days are shown in Fig. 6 . The correlations between the records obtained with the two thresholds are between 0.86 for the spring season and 0.97 for the winter season in the north and between 0.87 for the winter and autumn season and 0.95 for the summer season in the south. The agreement increases if the correlation between the filters is considered (it is always higher than 0.96). The decadal variability shown by the trends using the two thresholds is very similar, with the exception of a few periods where one of the two records shows a higher interannual variability causing slight differences in the resulting trends. This is evident, for example, before the 1980s during the spring season in the north and during the winter season in the south; in both cases the 0 okta series shows higher variability than the 1 okta series. The difference in the resulting variability over the whole period under analysis is particularly evident in the north, where it is always higher in the 0 okta than in the 1 okta series (the standard deviation of the residuals from the low-pass filter is between 0.02 and 0.04 for the 0 okta series and between 0.01 and 0.03 for the 1 okta series), while it is less evident in the south where the two series show the same variability (the standard deviation of the residuals from the low-pass filter is between 0.02 and 0.05 for both the thresholds). The advantage of 0 okta as the threshold is that it allows for only the real clear-sky conditions to be selected, but the limitation of this choice is that it only allows for a low number of days to be selected (in the north it is particularly due to the higher frequency of cloudy days), thereby increasing the variability in the obtained series. However, using 1 okta as the threshold allows for a more stable series to be obtained because it selects a higher number of days, which are, however, not completely clear.
In order to better understand the magnitude and the length of the tendencies shown in Fig. 6 , we subjected the clear-sky records to a running trend analysis (Brunetti et al., 2006a) , as previously illustrated for the all-sky series. The running trend obtained for the two different thresholds is very similar, so we show and discuss only the one obtained with 0 okta as the threshold (Fig. 7) . At annual scale the clear-sky records show a comparable decreasing and following increasing tendency for both the north and the south as highlighted by the lack of a significant trend for the whole period under analysis (e.g., 1959-2013 period) . However, the dimming period is slightly stronger in the southern region, especially if the sub-periods with fewer than 30 years and starting before the 1970s are considered (e.g., about −4 % per decade for the south and about −3 % per decade for the north for the 1961-1991 period), while the brightening period is slightly more intense in the northern region (e.g., about +4 % per decade for the north and about +3 % per decade for the south for the 1981-2011 period).
During the winter season, trends show a dimming and a subsequent brightening for both regions. The dimming is slightly stronger than the brightening and, as a consequence, the trend over almost the whole period under analysis is negative (e.g., −2 % per decade during the 1959-2009 for both regions). Records show a period of stabilization during the mid-1970s and during the 2000s (Fig. 6) , and so some subperiods, especially in the south, do not show a significant trend after the beginning of the 1980s.
The spring season has a similar pattern to the annual one with a clear negative-positive sequence after a starting period without any significant trend and a period of stabilization in the 1990s, for both northern and southern Italy. The dimming period is stronger in the south than in the north, where all the sub-periods with fewer than 30 years and starting before 1970 show a significant trend with values between −8 % per decade and −3 % per decade. However, the brightening period is slightly stronger in the north, especially after the mid-1980s, with values reaching +6 % per decade.
During the summer season the two regions show a different trend with a stronger dimming period in the south than in the north (e.g., about −3 % per decade for the south and about −2 % per decade for the north for the 1961-1991 period) and a stronger brightening period in the north, with all the sub-periods with fewer than 30 years showing a significant trend. Summer in the north is the only season that shows a significant positive trend for the longest window (e.g., +1% per decade for the 1959-2013 period) while the summer season in the south, which shows a very similar behavior to the annual series, shows a negative trend for the windows that cover almost the whole period under analysis (e.g., −2 % per decade for the 1959-2009 period).
For the autumn season, trends show a decrease until the mid-1980s followed by an increase until the end of the series in both regions, even if in the north a period of stabilization is observed during 1970s, as already highlighted by the winter trend. The dimming period is stronger in the south than in the north (e.g., about −5 % per decade for the south and about −4 % per decade for the north for the 1961-1991 period), while the brightening is stronger in the north even if a period of stabilization is observed during 1990s, as already highlighted by the winter trend (e.g., about +4 % per decade for the north and about +3 % per decade for the south for the 1981-2011 period). Overall, in the northern region the trends of the two periods are comparable, while in the south the trend is stronger in the dimming period than in the brightening period, resulting in a significant negative trend over the whole period under analysis (e.g., about −2 % per decade for the 1959-2013 period).
Comparison between all-sky and clear-sky SSR records
In order to better investigate the differences between the trends illustrated in Sects. 3.1 and 3.2 and thus determine to what extent SSR variability depends on either cloud or aerosol variability, we compared the annual and seasonal low-pass filter series for all-sky and clear-sky conditions (considering 0 okta as the threshold) as shown in Fig. 8 . For clarity, only filters of the time series are indicated. The comparison between the trends obtained under the two different conditions shows that, without the contribution of clouds, dimming and brightening become more intense and significant in all seasons for both north and south. The differences are particularly evident during the winter and autumn seasons. Specifically, considering the winter season for both regions, the dimming period is more intense under clear-sky conditions than under all-sky conditions, with a significant trend for almost all sub-periods starting before the mid-1970s (see Figs. 5 and 7) . As concerns the brightening period, in the northern region it is comparable under clear and all-sky conditions if the trend intensity is considered, while it presents some differences if curve shapes are taken into account. However, in the southern region the brightening becomes stronger and significant under clear-sky conditions even if a period of stabilization is evident in the mid-1990s. After removing cloud contribution, during the autumn season the length and intensity of dimming and brightening periods change for both regions. This is due to a shift in the trend inversion from the beginning of the 1990s in the north and the end of the 1990s in the south to the mid-1980s as already observed for the other seasons for both all-sky and clear-sky conditions. This shift causes a shorter dimming period and a longer and more significant brightening period.
Differences between all-sky and clear-sky trends are less evident in spring and summer. Nevertheless, some differences are relevant in both seasons, especially during summer, in the north, where under all-sky conditions there is only a weak decrease, while it becomes more intense and significant under clear-sky conditions.
The differences between the all-sky and clear-sky anomaly records are also highlighted considering the ratios between the latter and the former records. Before 1980, low-pass filters applied to these ratios (figures not shown) show values higher than 1 in all seasons, with the only exception of autumn. Also, at annual scale, ratios are higher than 1 before about 1980, with maxima of 1.025 in the north (1967) and 1.024 in the south (1968) and a clear decrease in the 1970s. These results seem to suggest that, in Italy, global dimming has been partially hidden by a decreasing tendency of cloudiness and that without these changes in cloudiness the decrease in SSR in the dimming period would have been greater.
The comparison between clear-sky and all-sky anomaly records also allows for quantification of the effect of cloudiness on the observed SSR trends and thus the effect due to other factors. In this case, we have assumed that, if cloudiness did not change, clear-sky and all-sky anomaly records would have had the same behavior. With this hypothesis, virtual constant-cloudiness SSR trends were estimated by transforming, by means of the all-sky normals already presented in Sect. 3.1, the trends of the clear-sky anomaly records (obtained with 0 okta as the threshold) into constant-cloudiness all-sky absolute trends. Trends expressed in W m −2 per decade for the same periods considered in Table 2 for the all-sky series were calculated and the results are reported in the same table.
These values confirm what has already been highlighted by Fig. 8 . Assuming no changes in cloudiness, at the annual scale the trend during the dimming period decreases to −6.3 W m −2 per decade in the north and −8.4 W m −2 per decade in the south (the corresponding allsky trends are −4.4 and −6.4 W m −2 per decade, respectively), confirming that the variations in cloudiness partially masked the all-sky decreasing trends. However, the influence of the cloudiness variability is not evident during the brightening period in the north, where the all-sky and estimated constant-cloudiness records have almost the same trend, while it is more important in the south, where the trend increases from +6.0 W m −2 per decade (all sky) to +7.9 W m −2 per decade (estimated constant cloudiness). This behavior reflects the variations observed during winter, spring and summer. During autumn the cloudiness variability significantly influenced both periods and regions. In particular, during the brightening period the trend changes in the north from +4.8 W m −2 per decade (all sky) to +6.5 W m −2 per decade (estimated constant cloudiness) and in the south from a non-significant value (all sky) to +5.4 W m −2 per decade (estimated constant cloudiness).
Without cloud contribution, the correlation between north and south becomes higher: the correlation coefficients range from 0.53 (winter) to 0.78 (year) under all-sky conditions and from 0.67 (autumn) to 0.86 (year) under clear-sky conditions. The largest variation is observed in winter, the season more affected by clouds, where the correlation coefficient increases from 0.53 (all sky) to 0.84 (clear sky), while the smallest variation is observed in summer, where the correlation coefficient changes from 0.74 (all sky) to 0.76 (clear sky). Under all-sky conditions the correlation between the two regions is higher in spring (0.64 for anomalies and 0.94 for filters) and summer (0.74 for anomalies and 0.89 for filters), while under clear-sky conditions the correlation is higher in winter (0.84 for anomalies and 0.96 for filters).
Discussion and conclusions
A new dataset of long-term Italian SSR records has been set up for collecting data from different sources. Particular emphasis is placed upon the quality control and the homogenization of the records in order to ensure the reliability of the resulting trends, which can be affected by non-climatic signals. The majority of the inhomogeneities detected in the series happen before 1980, when many recalibrations, changes in instruments and station relocations occurred, while they become less relevant in the subsequent period. This is also highlighted by the Italian annual mean series, where the dimming observed in the homogenized series is not evident in the raw series during the 1960s and early 1970s, showing how, at a regional level, systematic biases in the original records can hide a significant part of the long-term trend.
Starting from the homogenized daily records, besides SSR series under all-sky conditions, SSR series under clear-sky conditions were also obtained by selecting clear days from corresponding ground-based TCC observations. Then, these series were projected onto a regular grid (1 • × 1 • ) covering the entire Italian territory and clustered in two regions (northern and southern Italy) by means of a principal component analysis. The records of these areas were averaged in order to get the corresponding regional all-sky and clear-sky SSR records for the 1959-2013 period.
The clearest feature of the Italian all-sky SSR is a significant dimming from the beginning of the series to the mid1980s and a subsequent brightening until the end of the series for the annual mean, as well as during winter and spring in the northern region and spring and summer in the southern region. The trend over the whole period is only significant during summer (positive) in the north and during autumn (negative) for both regions, as a consequence of a very weak dimming in the first case and a very weak brightening in the second case.
In the clear-sky SSR records, dimming and brightening trends become stronger, and they are significant for all seasons and for both regions. The strength of the clear-sky trends is higher than that observed for the all-sky records, especially during winter in the south and during summer in the north. The most evident differences between all-sky and clear-sky series are observed in autumn for both regions, where not only the variations become more intense and significant but also the change point from dimming to brightening moves from the mid-1990s to the mid-1980s. Thus, the fact that the change point under all-sky and clear-sky conditions differs by several years in autumn and the intensity of the two periods changes in all seasons supports the hypothesis that clouds contribute in a significant way to the SSR variability under all-sky conditions and confirms the hypothesis formulated by Manara et al. (2015) for SD, suggesting that cloud cover variations have partially masked the dimming caused by the increasing aerosol concentration, especially in the northern region. This is also confirmed by Maugeri et al. (2001) , who found a highly significant negative trend in TCC all over Italy during the period 1951-1996.
The resulting trends without the contribution of the clouds show a more coherent pattern over the Italian territory. The peculiarities of a very weak dimming in summer for the north and a very weak brightening in winter for the south, as well as a strong and long dimming in autumn for both regions and the subsequent absence of brightening, are in fact attenuated under clear-sky conditions. The resulting trends under clear-sky conditions for both regions are in agreement with the changes in aerosol and aerosol precursor emissions that occurred during the period under analysis. More specifically, in Italy sulfur dioxide emissions, which can be converted to sulfate aerosols, show an increasing tendency until the 1980s due to the combustion of solid and liquid fuels (Mylona, 1996) and a decreasing tendency in the following years (Maggi et al., 2006; Vestreng et al., 2007) . In parallel, the trends of black carbon and particulate organic matter show a change in tendency starting in the mid-1970s, which is earlier with respect to the sulfate aerosols due to the reduction in coal use in residential and commercial sectors as well as improved diesel engines (Novakov et al., 2003) . Therefore, the combination of these trends could to some degree explain the SSR variability under clear-sky conditions, suggesting anthropogenic aerosols to be a relevant contributor of SSR variations in Italy under clear-sky conditions.
The dimming in the south in spring, summer and autumn is stronger than in the north under clear-sky, and this fact may challenge the above hypothesis as the north is more affected by air pollution due to higher emissions. Nevertheless, southern Italy is more affected by coarse aerosols (Bonasoni et al., 2004) , causing a significant contribution of natural aerosols to SSR variability such as mineral dust intrusions from the Sahara and Sahel (Prospero, 1996) . In particular, we highlight that a comparison between the northern and southern Italian clear-sky SSR variations and the Sahel precipitation index shows a good agreement, especially in southern Italy and during the Sahel rainy season (summer and autumn). The correlation coefficients between these two variables over the period 1959-2013 are 0.85 and 0.79 for the south and 0.74 and 0.79 for the north, respectively, for the summer and autumn seasons, suggesting a possible connection between SSR and Sahel precipitation index variability. Equally, they show a similar behavior with a decreasing tendency from the beginning of the series until the mid-1980s and an increasing tendency in the following period. The results are also coherent with the fact that mineral dust transportation from northern Africa into Europe shows a pronounced seasonal cycle with a maximum in summer and a minimum in winter Varga et al., 2014) and a distinct gradient with the highest values near the northern coast of Africa (Gkikas et al., 2013; Prospero, 1996) .
Long-term variations in dust transport into Europe are confirmed by measurements of dust accumulation in Alpine snow, which show a clear increase in mineral dust since the early 1970s, with quite high values after the 1980s. This suggests an increase in dust mobilization and transport from northern Africa to the north across the Mediterranean and into Europe (De Angelis and Gaudichet, 1991; Maggi et al., 2006) during the first part of the period covered by the SSR series. All this information supports the hypothesis that mineral dust contributes in a significant way to the SSR variability, with a higher contribution in the southern part of Italy than in the northern part, especially during summer and autumn. This could also explain why the summer correlation between the north and the south remains low even under clear-sky conditions, suggesting that cloud cover is not the cause of this low correlation, thus pointing to a different source, such as dust transport, that affects the two regions in a different way. However, the stronger dimming observed in the north during winter could be a consequence of higher concentrations of anthropogenic aerosols in that region with respect to the south. However, in order to confirm all these hypotheses on the role of natural and anthropogenic aerosols, there is a need for a better understanding of the factors influencing dust generation and transport, as well as a better understanding of the spatial distribution and temporal evolution of the different types of aerosols that characterize the atmosphere in northern and southern Italy.
It is also worth noticing that the time series, both for all-sky conditions and for clear-sky conditions, show relevant minima in some seasons in the periods 1982-1983 and 1992-1993 , possibly as a consequence of the El Chichón (April 1982) and Pinatubo (June 1991) volcanic eruptions, which injected high amounts of sulfur dioxide into the stratosphere, causing a worldwide reduction in direct solar radiation (e.g., Robock, 2000; Sanchez-Lorenzo et al., 2009) .
The observed trends under all-sky conditions are in good agreement with those observed in other worldwide areas and Europe. In particular, we compared the Italian trends with those obtained by Sanchez-Lorenzo et al. (2015) , using a new version of the GEBA (Global Energy Balance Archive) dataset updated to 2012, for southern Europe. This comparison shows similar trends in the dimming period, while in the brightening period the trends are significantly stronger for Italy than for southern Europe. This is in agreement with the SD trends reported by Manara et al. (2015) for Italy, where the brightening, especially in the northern region, appeared to be stronger compared to Europe.
The all-sky SSR trends presented for the Italian territory show some discrepancies with respect to the trends of SD obtained for the same areas reported by Manara et al. (2015) , despite the fact that the correlations between the two variables over the period 1959-2013 are between 0.71 in autumn and 0.88 in spring in the north and between 0.58 in autumn and 0.75 in spring in the south. The deviation of the SSR series with respect to the SD series is a trend reversal shifted from the mid-1980s to the beginning of the 1980s and a dimming period that is more intense and significant. The agreement between the two variables increases if the correlations between the residuals (ratio between the anomaly series and the filter) are considered; they are between 0.72 in summer and 0.91 in winter in the north and 0.62 at annual scale and 0.84 in spring for the south, highlighting a good year-to-year correlation between the two variables.
The fact that the dimming in SD is weaker than in SSR could indicate that the long-term increase in aerosols affects the two variables in a different way, inducing a more significant reduction in the intensity of SSR than in SD. The discrepancies between SSR and SD trends could also be a consequence of a different sensitivity to changes in the diurnal cycle and decadal variability of cloud cover, temperature and humidity that could modify the measurements of SD differently than SSR, but the reasons for these differences need further research. However, in a review, Sanchez-Romero et al. (2014) reported some studies that found similar discrepancies between SD and SSR trends in different areas of the world such as Germany (Power, 2003) , China (Che et al., 2005; Zhang et al., 2004) , the United States (Stanhill and Cohen, 2005 ) and the Canadian Prairies (Cutforth and Judiesch, 2007) .
A more detailed understanding of the mechanisms driving the SSR variability in Italy under both all-sky and clear-sky conditions calls for further research including also the study of other variables such as temperature, visibility, aerosols and cloudiness.
Data availability
We received the Italian Air Force data ("Servizio dell'Aeronautica Militare Italiana") in the frame of an agreement between the Italian Air Force and the Italian National Research Council (for data access refer to http://clima.meteoam.it/istruzioni.php). In the frame of this agreement we also obtained the cloudiness data used to discriminate the clear days. For the BDAN ("Banca Dati Agrometeorologica Nazionale") data refer to http://cma.entecra.it/homePage.htm and for Trieste observatory refer to http://www.meteo.units.it/. The Swiss data were obtained from the Swiss Federal Office for Meteorology and Climatology (MeteoSwiss) and are available at http://www.meteosvizzera.admin.ch/ and https://gate.meteoswiss.ch/idaweb/login.do. The Sahel precipitation index data (doi:10.6069/H5MW2F2Q) came from the Joint Institute for the Study of the Atmosphere and Ocean and are available at http://research.jisao.washington.edu/data_sets/sahel/. and projects CGL2014-55976-R and CGL2014-52135-C3-1-R, financed by the Spanish Ministry of Economy and Competitiveness. We also kindly acknowledge Ruth Loewenstein for the help in improving the English.
Edited by: S. Kazadzis Reviewed by: two anonymous referees
